ABSTRACT: Biodegradation of phenol was observed in unsaturated sandbed columns, in which phenol concentration declined from 298 mg phenol/kg sand to less than 1 mg/kg after 21 days. In saturated sand-bed columns, phenol concentration declined from 230 mg phenol/kg to less than 1 mg/kg after 37 days. Pseudo-first-order phenol biodegradation rates were in the range 0.25 days 21 (R 2 5 0.9) to 0.66 days 21 (R 2 5 0.85) and 0.08 days 21 (R 2 5 0.68) to 0.14 days 21 (R 2 5 0.84) in the unsaturated and saturated sand-bed columns, respectively. Unsaturated columns presented a higher biomass density (21.5 mg/g) in the sand-bed and lower biomass concentration in the aqueous phase (3.5 NTU) compared with the saturated columns (6.4 mg/g and 14.0 NTU). A high concentration of phenol releases in the sand-bed columns resulted in an initial inhibition of microbial activity and destabilization of the attached biomass. Water Environ. Res., 78, 2447Res., 78, (2006.
Introduction
The background of the present study refers to cases in which an organic membrane active pollutant, such as phenol, is accidentally released into sandy-aquifers, and, subsequently, bioremediation technology is applied to clean the site. The bioremediation technology selected for this investigation comprised recirculation of local groundwater enriched with inorganic nutrients to the top of the sand-bed surface so that it enabled biological activity of indigenous microbial communities to decline the contaminant to an environmentally acceptable level.
The concept of using biological treatment to remove phenol was first reported in the 1920s (Vipulanandan et al., 1994) . Since then, there have been many reports that discuss general design and operational guidelines for biological treatment of wastewater containing phenolic compounds (Alemzadeh et al., 2002; Broholm and Arvin, 2000; Farooq et al., 1996) . The rate of biodegradation depends on biological and physicochemical factors, such as low numbers of microbes, insufficient oxygen, and nutrient availability, and suboptimal temperature and water availability (AntizarLadislao and Galil, 2006; Mannisto et al., 2001) . The rate of biodegradation also depends on several factors related to the structure and physicochemical properties of the contaminant, such as genetical potential (Aelion et al., 1989) , bioavailability (Simoni et al., 2001) , contaminant structure (Pitter and Chudoba, 1990) , and toxicity (Rutgers et al., 1998) .
Following an accidental release of phenol in the unsaturated (or vadose) or saturated sandy aquifers, there is a good potential for phenol's degradation (Antizar-Ladislao et al., 2000; Broholm and Arvin, 2000) . However, a better understanding of the fate of phenol and indigenous microbial biomass still in the unsaturated zone and then saturated zone is needed to design bioremediation strategies. Previous to an accidental release of phenol, most of the indigenous microbial biomass is attached to the sand grains (Rittmann, 1993) , forming biofilms or patchy microcolonies, and some are suspended in the groundwater. Phenol is considered a membrane active pollutant; thus, it has the ability to harm biological membranes (Keweloh et al., 1989) . The initial reaction between phenol and microbial biomass involves binding of the membrane active phenol to the exterior of the cell surface. High correlations between the hydrophobicity and toxicity of phenol provide evidence that phenol exert its toxic effect at the level of the membrane (Sikkema et al., 1995) , leading to inhibition of membrane-bound enzymes, loss in the membrane's ability to act as a permeability barrier, and biomass hydrophobicity (Antizar-Ladislao and Galil, 2004) . Thus, the release of a membrane active pollutant in the unsaturated zone may destabilize the fixed biomass or biofilm structure. Subsequently, flushing events in the surroundings of the contaminated unsaturated zone (i.e., rain and circulation wells) may enhance transport of the destabilized biomass to the saturated zone, where convective flow of the groundwater through the aquifer may further enhance the transport of the destabilized biomass. Additionally, biomass may sorb, attach (or reattach), or filtrate downward in the aquifer (Kim and Corapcioglu, 1997) . Under in situ bioremediation conditions suggested in this study, the amount of microbial biomass growth and its accumulation enhanced by recirculation may affect groundwater flow (Antizar-Ladislao and Galil, 2006) . Consequently, the amount of microbial biomass and its accumulation in the aquifer may affect the transport of nutrients and electron acceptors, which are required for microbial biomass growth, and the transport of contaminants (Bielefeldt et al., 2002) .
A number of previous studies have investigated the role of microbial biomass in sand media and its effect on phenol biodegradation (Antizar-Ladislao et al., 2000; Essa et al., 1997) . However, to date, studies are subject to limitations that may preclude the extrapolation of their findings to field-scale processes under bioremediation conditions. Thus, a better understanding of the fate of indigenous microbial biomass during in situ bioremediation of consecutive accidental releases of a membrane active pollutant in the unsaturated and then saturated zones of a sandy aquifer is still needed. The objectives of the present study were to observe and compare the biodegradation kinetics of phenol and indigenous microbial biomass fate in unsaturated and saturated sand-bed columns during bioestimulated in situ bioremediation. Water recirculation velocities within the range 0.28 to 0.49 cm/min were chosen to simulated those typically encountered at field applications of in situ remediation technologies (U.S. EPA, 1998). The information obtained from this study is expected to improve current understanding of the fate of a membrane active pollutant in the adjacent unsaturated and saturated zones in an aquifer, following consecutive accidental releases of the target pollutant, which is a key step toward developing effective approaches to bioremediation of aquifers.
Materials and Methods
Chemicals. Phenol (99.5% pure, Sigma-Aldrich, Israel) was used as a model organic contaminant in this study (log K ow 5 1.57; vapor pressure [at T 5 258C] 5 46.66 Pa; solubility [T 5 258C] 5 82 000 mg/L; pK a 5 9.9). The negative or ionic form of phenol present at pH . pK a is less hydrophobic than the neutral form; thus, solubility of phenol in water is generally observed to increase when pH . pK a .
Column Experiments. Sand collected from the north of Haifa Bay, Israel, was washed with tap water to remove dust and fines, until the supernatant was visually clear. Sand was air-dried at room temperature (20 6 18C) for 30 days.
Four polyvinyl chloride (PVC) columns were packed with sieved (0.86 mm) air-dried sand, and artificial groundwater was pumped to the top of the sand-bed columns using a peristaltic pump at a constant flowrate (Table 1 and Figure 1 ) and operated continuously in a recirculating mode for 7 days to test the correct functioning of the system (leaks, gas bubbles, etc.). Artificial groundwater consisted of tap water enriched with inorganic nutrients (ammonium chloride and dipotassium hydrogen orthophosphate) at a carbon: nitrogen:phosphorus ratio of 120:10:1; the carbon source was phenol. The design of the columns operated at saturated and unsaturated conditions were slightly different (Figure 1 ). Unsaturated conditions in two columns (10.5 cm inner diameter 3 120 cm high; bed volume, 10.7 dm 3 , 8 L) were kept by placing an operational tank at the bottom of the columns to collect the artificial groundwater and continuously recirculate it to the top of the columns (Figure 1 ). Saturated conditions in two other columns (6.5 cm inner diameter 3 100 cm high; bed volume, 2.7 dm 3 , 1.3 L) were maintained by controlling the water surface 8 cm above the sand bed, and artificial groundwater was continuously recirculated through the sand-bed column (Figure 1) .
Each consecutive accidental release was simulated after 99% of phenol parent compound removal was obtained (Figure 2 ) by adding 0.1 L of an aqueous solution of phenol to simulate consecutive accidental phenol releases ( Table 2 ). The sand-bed columns remained open to the atmosphere during the length of the study, which allowed aeration of the recirculating artificial groundwater and release of gas products during biodegradation of phenol.
Losses of water because of evaporation of artificial groundwater were compensated with triple-distilled water. The experiments were carried out at a temperature of 20 6 18C, and the sand-bed columns were side-protected from the light. Water samples were collected daily at the bottom outlet for chemical analysis, and the remaining water was returned to the top of the columns.
Four more auxiliary PVC columns were operated to investigate (1) the potential sorption of phenol to the PVC columns, clean sand, volatilization, and photodegradation, where 2% w/w sodium azide (NaN 3 ) was used as an aerobic biological inhibitor (Macintyre et al., 1991) in two auxiliary columns, and (2) the possible formation of gas bubbles and shortcircuiting of the recirculating artificial groundwater, keeping a constant vertical flow from the top towards the bottom and a dye tracer in the other two auxiliary columns.
Analytical Methods. Phenol concentrations were determined by gas chromatography with a flame ionization detector (GC-FID) and a HP5 0.25 mm internal diameter 3 15 m capillary column 
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(GC-FID, HP5; Hewlett-Packard, Israel). Phenol was extracted into methyl-ter-butyl-ether and analyzed without dilution. Approximately 2 lL of the extract were injected to the GC. The GC parameters were as follows: injection temperature, 2808C; detector temperature, 2808C; and oven temperature, 508C (1-minute isotherm), with 128C min 21 ramp to 2508C (1-minute isotherm). The calibration standards were prepared in methyl-ter-butyl-ether with p-dichlorobenzene as an internal standard. The limit of detection was 0.1 mg/L.
Colony-forming units (CFU) were measured using the membrane filtration technique and Reasoner's 2A media. Consecutive solutions 1:10 were prepared, starting with 1 mL of sample. The media was incubated at 35 6 0.58C for 48 to 72 6 2 hours. Following incubation, plates were counted.
Turbidity was determined by a turbidimeter model 2100 A (Hach Company, Loveland, Colorado) based on the nephelometric method. pH was determined by a pH meter (El-Hama Instruments, Rosh Pina, Israel). Samples were collected weekly in 300-mL biochemical oxygen demand bottles, analyzed for dissolved oxygen with an YSI model 58 dissolved oxygen meter (YSI Incorporated, Yellow Springs, Ohio), and returned to the top of the columns.
The yield coefficient was calculated from the values of organic matter released during contact batch experiments with sand collected from the auxiliary sand-bed columns and an aqueous solution of phenol. Measurement of organic matter included the sum of phenol and biomass, and also biodegradation intermediates and organic matter from the tap water, which were assumed negligible. The amount of released soluble organic matter was calculated using eq 1, as follows:
Where ROM t 5 total released organic matter (mg), ROM Li 5 maximum released organic matter at level i (mg), ).
Thus, the yield coefficient for each aquifer column was calculated using eq 2, as follows:
Figure 2-(a) Normalized concentration in sand-bed columns under unsaturated and saturated regimes, and (b) firstorder kinetics of biodegradation fit to the data corresponding (arbitrarily) to second and third load, as an example. To determine the spatial distribution of volatile solids in the sandbed columns, the columns were opened at the bottom outlet and allowed to drain once the simulation of accidental releases was completed. The contents of the sand-bed columns were then removed in increments and analyzed in duplicates every 30 and 20 cm in the unsaturated and saturated sand-bed columns, respectively. Volatile solids were determined using a loss-on-ignition procedure (Faithful, 2002) . Duplicates were dried at 1108C for 24 hours (moisture content) and then transferred to a muffle furnace held at 5508C for 15 minutes. Volatile solids were calculated from the difference of pre-and post-ignition sample weights.
Results and Discussion
The fate of phenol and indigenous microbial biomass were investigated in unsaturated and saturated sand-bed columns simulating consecutive accidental releases of phenol and in situ bioestimulated bioremediation. In situ bioremediation comprised recirculation of local groundwater enriched with inorganic nutrients to the top of the sand-bed surface at a constant flowrate. The results of this study were interpreted and discussed to improve current understanding of the fate of membrane active pollutants and microbial biomass in the adjacent unsaturated and saturated zones in a sandy aquifer following consecutive accidental releases.
Auxiliary columns showed negligible abiotic removal of phenol because of volatilization, photodegradation, or sorption of phenol to clean sand and PVC columns. Anaerobic biodegradation of phenol was unlikely, and GC-FID analysis confirmed the absence of byproducts expected during anaerobic biodegradation (catechol and benzoate). The pH in the NaN 3 -treated sand-bed columns remained close to 8.0 to 8.8; thus, the majority of phenol was in its neutral form. The initial pH in the biotic sand-bed columns (without NaN 3 ) was 7.8 to 8.0 (similar to that in the abiotic/control columns); however, it decreased during the duration of the experimental work, reaching minimum values of 7.0 to 7.5. Control batch experiments in the pH range 7.0 to 9.0 indicated no significant sorption of phenol on sieved air-dried sand.
Biodegradation of Phenol. The biodegradation of phenol in unsaturated and saturated sand-bed columns under bioremediation conditions was followed by parent compound analysis of phenol. Previous studies on the biodegradation of phenols reported firstorder kinetics in aerobic aquifers (Antizar-Ladislao and Galil, 2003; Nielsen et al., 1996) and zero-order kinetics in fluidized bed reactors (Langwaldt et al., 1998; Melin et al., 1998) . Thus, biodegradation of phenol in the sand-bed columns was fitted to first-order and zeroorder kinetics. In this study, biodegradation of phenol followed pseudo-first-order kinetics; hence, for reasons of comparability and simplicity, the biodegradation rates (k 1 , days 21 ) were calculated using exponential regression (Figure 2 ), according to eq 3, as follows:
Where t 5 time (days), k 5 pseudo-first-order rate constant (days 21 ), C 5 concentration of phenol at time 5 t days (mg/kg), C 0 5 concentration of phenol at time 5 0 days (mg/kg), and e 5 number e (» 2.71828).
Calculated rates of biodegradation of phenol, or substrate disappearance, were in the range 0.25 to 0.66 days 21 and 0.08 to 0.14 days 21 in the unsaturated and saturated sand-bed columns, respectively (Table 2 and Figure 2 ). An initial increase in the biodegradation rates, from 0.25 to 0.51 days
21
, was observed following the first release of phenol in the unsaturated sand-bed columns (Table 2) . Pseudo-first-order biodegradation rate constants in the range 0.2 to 0.5 days 21 for phenol and 0.02 to 0.4 days 21 for dichlorophenols (Nielsen et al., 1996; Steinle et al., 2000) have been reported. Steinle et al. (2000) reported a biodegradation rate that was four times lower at 88C than at 208C for 2,6-dichlorophenol, which indicated that lower biodegradation rates of phenol would be expected at temperatures lower than 208C. Biodegradation rates in this study at 208C in the unsaturated zone were comparable with those reported by Nielsen et al. (1996) in an aerated saturated sandy aquifer at 108C and higher than the biodegradation rates in this study in the saturated zone. This was probably a result of the combination of factors, such as biomass growth and accumulation in the sand-bed columns, acclimation of the indigenous microorganisms to phenol over time (Aelion et al., 1989; Antizar-Ladislao et al., 2000) , or the effect of oxygen concentration in the sand-bed columns.
In the present study, phenol initial load (mg/kg) was higher in the unsaturated sand-bed column. Additionally, in this study, weekly measurements of dissolved oxygen in the recirculating artificial groundwater collected in the bottom of the columns indicated average concentrations higher than 5 mg/L (Antizar-Ladislao, 2002), although dissolved oxygen versus sand depth was not measured. Higher biodegradation rates have been recently reported in saturated sand-bed columns operated at higher recirculation rates (i.e., providing higher oxygen concentration in the sand bed) and a similar concentration of phenols (Antizar-Ladislao and Galil, 2006) . Thus, the highest biodegradation rates observed in the unsaturated sand-bed columns resulted most probably from a greater availability of oxygen in the wet-sand-air interface in the unsaturated column, even if dissolved oxygen readings of the recirculating artificial groundwater indicated similar values in unsaturated and saturated columns.
Inhibitory Effect. In the present study, high concentrations of phenol of 50 000 mg/L in the unsaturated zone and 20 000 mg/L in the saturated zone were simulated. Thus, the native microbial populations were exposed to ''shocking'' concentrations during a few initial hours. Thereafter, and assuming a complete mixture of phenol in the sand-bed columns within the first few hours of treatment, equilibrium concentrations of phenol of 625 and 1538 mg/L in the unsaturated and saturated sand-bed columns, respectively, would have been reached. Tolerance of aerobic bacteria to phenol up to 600 mg/L (Broholm and Arvin, 2000) or 1300 mg/L has been reported (Goudar et al., 2000) ; thus, following a mixture process, the surviving native microbial communities may have been exposed to inhibitory concentrations. Because of the inhibitory nature of phenol to indigenous microbial populations, high concentrations of phenol following an accidental release may completely inhibit microbial degradation of the phenols or result in very long lag phases or a lower biodegradation rate. This may explain lower biodegradation rates following the consecutive phenol releases in the saturated sand-bed columns.
Further studies were then necessary to better understand the inhibitory behavior of phenol to the intrinsic microbial populations in the sand-bed columns. Colony-forming units in the aqueous stream were counted before and after an accidental release occurred. Values of CFU recorded during the treatment of the saturated sand-bed columns exposed to consecutive releases of phenol showed higher values following the consecutive loads of the target pollutants from 6.1 3 10 7 CFU/mL following complete biodegradation of phenol after release 2, to 2.0 3 10 9 CFU/mL following complete biodegradation of phenol after release 3. A reduction of 1 to 2 orders of magnitude was observed following consecutive releases of phenol in the sand-bed columns, from 2.0 3 10 8 CFU/mL immediately before release 2, to 8.0 3 10 6 CFU/mL 24 hours after the second release in the saturated sand-bed column. In the present study, the number of CFU per milliliter increased progressively, with time, following consecutive loads of phenol, reaching maximum recorded values on the order of magnitude of 1.0 3 10 9 CFU/mL. It has been reported that a sudden addition of toluene to soil reduced the survival rate of indigenous soil bacteria by approximately 1 to 10% of total CFU per gram of soil, following solvent shock (Huertas et al., 1998 (Huertas et al., , 2000 . Thus, if a reduction of 1 to 10% of total CFU would be also expected, this will lead to a reduction from 2.0 3 10 8 CFU/mL to values within the range 2.0 3 10 6 to 2.0 3 10 7 CFU/mL, which agrees with the results of Huertas et al. (2000) .
The results of the present investigation further indicate that indigenous microbial communities developed a tolerance to phenol, which could arise from limited direct access to phenol by attached microorganisms to sand particles, the presence of phenol tolerant microbial communities in the sand-bed columns, or the combination of both possibilities.
Biomass Fate. Temporal profiles of biomass in the sand-bed columns in this study presented evidence of a dynamic system where indigenous microbial biomass may have first grown and attached to the sand bed and therefore produced a decrease in porosity in the media, while no major change in turbidity was observed. Thereafter, microbial biomass may have been detached and suspended in the recirculating artificial groundwater and transported in the sand bed, resulting in an increase in porosity where the biomass was detached, a decrease in porosity where the biomass was reattached, and an increase in turbidity of artificial groundwater when the biomass was released to the aqueous phase.
The turbidity of the recirculating artificial groundwater in the sand-bed columns was monitored, and an increase in the turbidity of the recirculating artificial groundwater over time was observed (Table 3 and Figure 3 ). An increase and decrease of turbidity readings over time in the saturated sand-bed column indicated an accumulation of biomass and a dynamic attachment and detachment of the mobile biomass versus depth in the sand bed. A sudden increase in turbidity following each release was observed in the saturated sand-bed column followed by a decrease to a base value (Figure 3 ). These sudden increases in turbidity occurred at a time close to half-life time (t 1/2 ) and were associated with breakthroughs of biomass, probably because of its destabilization as a result of a ''shocking'' load of a membrane active pollutant (i.e., phenol). Release of biomass because of the hydrodynamic shear in the surroundings of biofilms formed within the porous media was also likely, considering the time scale of the study, which may explain other increases of turbidity over time. Following consecutive simulated accidental releases of phenol to a sandy aquifer, the base turbidity value increased from approximately 0.4 NTU at the beginning of the treatment to 1.2 NTU following the first release, and 2.4 NTU following the second release, which further indicated biomass growth on phenol.
It has been reported that the exposure of acclimated or nonacclimated biomass to a ''shocking'' loads of phenol causes a release of biopolymers in the aqueous phase and a more hydrophilic biomass, characterized by substantially lower ability for bioaggregation (Galil et al., 1998; Schwartz-Mittelmann and Galil, 2000) . Thus, the increase in turbidity in the artificial recirculating groundwater through the sand-bed columns might be explained by a detachment of cells resulting from (1) a shock load of phenol (sloughing) and (2) the effect of fluid shear stress at the biofilmfluid interface (erosion). Sloughing has been reported to occur when substrate loading to the biofilm was instantaneously doubled (Characklis and Marshall, 1990) , suggesting the hypothesis that the cell membrane potential plays a key role in the phenomena. Damage to the cell membrane results in the leakage of internal cell contents and typically causes death (deactivation) of the cell; this may explain the initial release of biomass following an accidental release of phenol in an aquifer material, as it has been observed to occur in both unsaturated and saturated sand-bed columns.
The recirculating nature of the investigated bioremediation strategy in the sand-bed columns may enhance the entrapment of the released biomass in the media forming a biofilm. Biofilm formation changes the hydrodynamics of the porous media (Cunningham et al., 1991) ; thus, when biofilm thickness increases, pore velocities will increase, which will also increase the shear stress, increasing the rate of detachment (erosion). Attached Biomass. At the end of the bioremediation treatment in unsaturated and saturated sand-bed columns, the columns were dismantled to investigate the spatial distribution of volatile solids. Maximum values of volatile solids were recorded in the middle zone of the columns, for example, 21.5 mg/g volatile solids at 60-cm depth in the unsaturated sand-bed column and 6.4 mg/g volatile solids at 40-cm depth in the saturated sand-bed column (Figure 4) . Spatial biomass distribution differed in unsaturated and saturated sand-bed columns, which may have been a result of the presence of different strains (Vandevivere and Baveye, 1992) and/or different biodegradation rates (Antizar-Ladislao and Galil, 2006) . Alternatively, it has been reported that 0.2 mg/g volatile solids does not significantly reduce the porosity of a porous media; however, significant reduction occurs with biomass concentrations of 0.5 to 1.2 mg/g volatile solids, although not in a predictable pattern (Bielefeldt et al., 2002) . Higher values of volatile solids in this investigation compared with those previously reported (Bielefeldt et al., 2002) may be indicative of accumulation of biomass in the sand-bed columns; thus, a porosity reduction would be expected.
Few studies have investigated the spatial distribution of the biomass in sand columns. and reported a maximum bacterial density of 1.25 mg/cm 3 of soil (sand size was 0.7 mm) after 196 days. Essa et al. (1996) reported a maximum bacterial density of approximately 9.2 mg/g of sand (sand size was 0.4 mm) after 58 days. In both studies, they reported maximum biomass density in the top layer of the sand columns. The relatively higher bacterial density in the work reported by Essa et al. (1996) was parallel to relatively lower hydraulic conductivity levels than those observed by and . In this study, the maximum bacterial density was 21.5 mg/g of sand in the unsaturated zone and 6.4 mg/g of sand in the saturated zone. Bacterial retention has been reported to be inversely proportional to water content (Jewett et al., 1999) , which may explain the difference in densities between the unsaturated and saturated sandbed columns. This study further gave indications that transport of bacteria under unsaturated conditions is reduced because of their tendency to attach to air-water interfaces (Schafer et al., 1998) .
It is important to note that, in the present study, maximum densities of biomass were located in the intermediate layers of the columns, unlike in former studies Jewett et al., 1999; Taylor and Jaffe, 1991) , where maximum densities of biomass were located in the top centimeters of the porous media. The initial destabilization of biomass following an accidental release of phenol may explain this different distribution of biomass. Additionally, in previous studies, the effluent of the columns was not recirculated, and, as a result nonretained biomass was removed from the column. In the present study, nonretained biomass was recirculated to the top surface of the sand-bed columns, and, as a result, the probability of being attached to the biofilm or filtered on the porous media increased considerably.
Yield Coefficient versus Octanol Water Partitioning (K ow ). Microbial growth depends on the total energy yield, which, in the case of phenol, is relatively small because of the oxidation state of carbon within the aromatic structure. The calculated biomass yield coefficient in this study was 0.35 g/g as grams of released organic carbon per gram of biodegraded (phenol) organic carbon. Correlations have been reported in the literature between log K ow and the thickness of biofilms (percent) average coverage formed by a 2,4,6-trichlorobenzoic acid community on trichloroethylene; 1,1,1,2-tetrachloroethane; 2,4-dichlorophenol; 2,4,6,-trichlorophenol; and pentachlorophenol (Karthikeyan et al., 1999) . The correlation between log K ow and the yield coefficient (percent) results in the present study followed the same trend line (R 2 5 0.90) ( Figure 5 ). According to Karthikeyan et al. (1999) , the high negative correlation values may indicate that higher partition coefficients might lead to higher intracellular accumulation of the test compounds and a consequent reduction in growth rates because of substrate toxicity and thus low thickness of biofilms. In other words, the release of more hydrophobic membrane active pollutants in a sandy aquifer may result in thinner biofilms.
Implications. The results of this study improve current understanding of the mechanisms (and kinetics) taking place following an accidental release of phenol on the top surface of a sandy aquifer under in situ bioremediation conditions, where the unsaturated zone is adjacent to the saturated zone. Following the first accidental release of phenol, it will infiltrate downward in the aquifer, first facing the unsaturated zone. In this zone, under bioestimulated in situ bioremediation conditions, phenol will be used as a carbon source by indigenous microbial communities. As a result, indigenous microbial communities will grow on phenol, and the majority will remain attached as low-density biofilms to the sand grains. Nonmetabolized phenol will infiltrate downward in the aquifer and pass from the unsaturated to the saturated zone. A minor amount of microbial biomass will be expected to be transferred from the unsaturated to the saturated zone. In the saturated zone, where less oxygen will be available, biodegradation rates of phenol will be lower than in the unsaturated zone. Deep unsaturated zones will act as a ''buffer'' to reduce the ''shocking'' load of phenol to the saturated zone following an accidental release. However, in shallow unsaturated zones, ''shocking'' loads of the target membrane active pollutant may occur, which will result in biomass mobilization, although further biodegradation of phenol may occur. Under recirculation conditions, efforts should be made to collect mobilized microbial biomass, phenol, and biodegradation products through pumping systems and recirculate them to the top surface of the unsaturated zone of the sandy aquifer. Another option to consider is to use two pumping systems (Figure 6 ). One of the recirculation systems will collect mobilized microbial biomass, phenol, and its biodegradation products in the saturated zone and recirculate them to the top of the saturated zone, which will facilitate aeration. The other circulation system will collect mobilized microbial biomass, phenol, and its biodegradation products from the top of the saturated zone and recirculate them to the top surface of the unsaturated zone of the sandy aquifer. The use of two recirculation systems may prove more efficient than one recirculation system and may reduce the concentration of phenol in shallow aquifers faster, which will reduce human and wildlife exposure to this pollutant.
Conclusions
Understanding of the accidental consecutive releases of membrane damage contaminants, such as phenol, concerning the fate and behavior of indigenous microbial biomass in unsaturated and saturated sand-bed media, is critical during the design of bioremediation strategies at contaminated sites. This study focuses on the fate of phenol and microbial biomass in sand-bed columns. The biodegradation rates of phenol followed pseudo-first-order kinetics, higher in the unsaturated than saturated sand-bed columns, and were influenced by consecutive releases of phenol. Microbial biomass growth on phenol accumulated in the sand-bed columns. Consecutive ''shocking'' releases of phenol on the sand-bed columns resulted in (1) an inhibitory effect; (2) mobilization of attached microbial biomass and subsequent release to the recirculating aqueous phase, which was more notorious in the saturated columns; and (3) changing depth of bioaccumulation of microbial biomass in the sand-bed columns, which was influenced by exposure to phenol releases. The presented findings have important implications in the design of bioremediation strategies in aquifers characterized by relatively large porosity, towards recirculating the contaminated water to the top of the unsaturated zone, where maximum biodegradation and minimum biomass mobilization will occur following ''shocking'' releases of a membrane active pollutant. Karthikeyan et al. [1999] , biofilm area coverage %).
Figure 6-Simplified diagramatic description of mechanisms involved in bioestimulated in-situ bioremediation of a membrane active pollutant in the unsaturated and saturated aquifer zones. Note: -one recirculation system; -two recirculation systems.
